Introduction
Bethanechol chloride (BC), otherwise known as 2-carbamoyloxypropyl(trimethyl)azanium chloride, is the b-methyl choline carbamoyl salt. The pharmacological effect of BC occurs primarily on postganglionic parasympathetic receptors. The contractive effect on the urinary bladder makes this drug effective in the treatment of urinary retention. BC has also been used in the gastroesophageal reflux disease, 1 although this therapeutic use has not yet been approved by the Food and Drug Administration. Recent research focused on the use of this drug substance in various fields. [2] [3] [4] Since BC is mostly used orally, the understanding of the solid state physicochemical properties of this drug is crucial. Indeed, such properties need to be considered to design the dosage form, the manufacturing process and to apprehend stability outcomes. [5] [6] [7] The difficulty of determining suitable crystallization conditions has hindered scientists from obtaining single crystals of BC. A crystal structure (monoclinic symmetry) was proposed from X-ray powder diffraction. 8 The first part of the paper deals with the determination of the crystal structure from suitable single crystals. Although two polymorphs have been identified for this substance, only one has been, to date, characterized by its crystal structure. The second one has only been partially identified from commercial batches. However, it has not been isolated for better physico-chemical characterizations. Moreover, there is a lack of data in the literature regarding BC thermal stability, including the determination of its properties upon melting. The difficulty lies in the fact that the compound degrades during this step. Therefore, we give an estimation of the melting temperature and also propose a kinetic and molecular model for the description of the melting-degradation process of BC. Finally, the hygroscopic behavior of the substance will be characterized by means of Dynamic Vapor Sorption (DVS) analyses. The stability of the substance with respect to heat and to humidity will then be discussed.
Materials and experiments

Reagents
Bethanechol chloride (99.8%) was purchased from Seratec (Courville-sur-Eure, France). The water content of the raw material was inferior to 0.2% w/w (Karl Fisher titration). Isocyanuric acid (IA), acetonitrile (ACN) and heptafluorobutyric acid (HFBA) were purchased from Sigma (Steinheim, Germany).
Crystallization studies
Studies on the crystallization were performed to find suitable conditions for the growth of BC single crystals. Preliminary tests using slow evaporation of BC organic solutions led to unsatisfactory results.
Crystallizations in solution were performed using a solvent screening procedure. The tested solvents were ultrapure water (Millipore, Saint-Quentin-en-Yvelines, France), pure methanol, ethanol, propan-1-ol, propan-2-ol and dioxane (Prolabo-VWR International SAS, Fontenay-sous-bois, France).
One gram of the compound was first mixed with 8 ml of the pure solvents or binary combinations of them (the chosen ratios were 50 : 50, 70 : 30 and 97 : 3 v/v). The mixture was stirred at 35 uC and after 2 hours of equilibration, powder was added so as to obtain saturated solutions when necessary.
The supernatant was filtered through an 0.45 mm GH Polypro membrane filter (Gelman, Saint Germain-en-Laye, France) and cooled down to 22 uC. Two different linear cooling programs were attempted from 35 to 22 uC to promote crystal growth, i.e. fast (5 min) and slow cooling (3 days).
Among all the tested conditions, suitable single crystals were obtained from a water : propan-1-ol mixture (97 : 3, v/v) and with the slower cooling rate.
Solid state analysis
The crystallographic data of bethanechol chloride were collected at 123 K with a R-Axis Rapid Rigaku MSC diffractometer using monochromatic Cu-Ka radiation (l = 1.54178 Å) and a curved image plate detector. A small plate crystal of 0.08 6 0.08 6 0.03 mm 3 was used to collect the data. The full sphere data collection was performed using Q scans and v scans. The unit cell determination and data reduction were performed using the CrystalClear program suite 9,10 on the full set of data. The crystal structure was solved by direct methods and successive Fourier difference syntheses and refined on F 2 by weighted anisotropic full-matrix least squares methods using the SHELX97 programs suite. 11, 12 Each piece of software was used within WINGX. 13, 14 No absorption correction was needed owing to the low absorption coefficient of this compound. All the non-H atoms were refined with anisotropic temperature parameters. Except for the H of the amine moiety, the positions of the H atoms were deduced from coordinates of the non-H atoms, confirmed by Fourier synthesis and treated according to the riding model during refinement with isotropic displacement parameters corresponding to the atom they are linked to. These H atoms were included for structure factor calculations but not refined. The program OLEX2 15 was used for the analysis and drawing figures.
The crystallographic data have been deposited in the Cambridge Crystallographic Data Centre (CCDC deposition number 818326).
The high-resolution X-ray powder pattern was recorded by means of a horizontally mounted INEL cylindrical positionsensitive detector CPS120 (Artenay, France). The detector, used in Debye-Scherrer geometry (transmission mode), consists of 4096 channels and enables simultaneous recording of the diffraction profile over a 2h-range between 2 and 115u (angular step of 0.029u in 2h). Monochromatic Cu-Ka 1 radiation was selected by means of an asymmetric focusing incident-beam curved quartz monochromator. The generator power was set to 1.0 kW (40 kV and 25 mA). External calibration was performed by means of cubic spline fittings using Na 2 Ca 2 Al 2 F 14 mixed with silver behenate. The sample was placed into 0.5 mm diameter Lindemann capillaries. During the data collection, the capillary was rotating perpendicularly to the X-ray beam direction to minimize possible effects of preferred orientations. The high-resolution XRPD patterns were indexed using the peak-picking-option of the software package of Materials Studio Modeling 5.5 potential solutions (http://accelrys.com/ products/materials-studio) for the unit cell parameters and space group were found using the X-cell algorithm. 16 The unit cell dimensions were refined using a Pawley profile-fitting procedure. 17 For the structure determination, the Dreiding force field procedure 18 was used to get the distances, angles and torsions in the molecule.
Thermogravimetric analyses (TGA) were performed using a TGA 850 from Mettler-Toledo (Greifensee, Switzerland) sensitive to 1 mg.
Differential scanning calorimetry (DSC) experiments were run with a DSC 822e thermal analyzer from Mettler-Toledo. Indium (T fus = 156.6 uC, D fus H = 28.45 J g 1 ) was used as a standard for the temperature and enthalpy calibrations. Samples were weighed in open aluminum pans using a microbalance sensitive to 10 mg. For both the TGA and DSC techniques, different scanning rates varying from 2 to 50 uC min 1 were performed to assess the degradation kinetics of the compound. Nitrogen was used as a purge gas in both techniques.
Thermogravimetric Analysis -Differential Scanning Calorimetry -Mass Spectrometry (TGA-DSC-MS) measurements were carried out using a NETZSCH STA 449C Jupiter apparatus (Selb, Germany) equipped with a low temperature furnace. The purge gas was helium (flow rate: 40 mL min 1 ) and the reference material was an empty and non-covered aluminum pan. The samples were weighed in open aluminum pans and then placed in the analyzer. PROTEUS software was used for data processing (v. 4.7.0). The chemical nature of the escaping gas was identified by using a Netzsch QMS 403 C mass spectrometer coupled with the TGA-DSC apparatus.
The test for static hygroscopicity was performed according to the European Pharmacopoeia, 19 starting from 500 mg of powder.
Moisture sorption isotherms at 25 uC of the anhydrous crystalline phase were performed by a DVS-1 and a DVS Advantage Plus automated water sorption analyzer (Surface Measurement Systems, Alperton, U.K.). Mass variations of the sample (y4 mg) were recorded while relative humidity (RH) was successively increased from 0% to 90% RH by successive steps. The automated analyzer was allowed to proceed with the following step as soon as the mass variation of the sample was less than 5 6 10 4 % min 1 .
Liquid chromatography-mass spectrometry analysis
Two methods were used in the liquid chromatography (LC) with mass spectrometry (MS) detection to achieve the impurity profile of BC samples submitted to stress conditions.
The LC system (Thermoseparations Products, Fremont, CA, USA) consisted of a P4000 quaternary pump, a SCM400 vacuum degasser and an AS3000 autosampler.
For analyses in reverse phase liquid chromatography (RPLC), a Kinetex1 C18 XB column (Phenomenex, Torrance, CA, USA) with 100 mm length, 2.1 mm internal diameter and 2.6 mm particle size was used. The flow rate was 0.3 mL min 1 , the sample injection volume was 20 mL and the concentration of the injected solutions was 4 mg mL 1 expressed as bethanechol chloride. A mobile phase linear gradient was set up (solvent A: HFBA in ultrapure water 0.17% v/v, solvent B: ACN). At the injection time, the volume ratio A : B was set at 80 : 20, between analysis times of 2 min and 20 min it went to 10 : 90, then a return to the initial conditions was set from 20 to 30 min. Inter-run stabilization lasted for 5 min. The gradient was determined by taking into account late eluting impurities.
Hydrophilic interaction liquid chromatography (HILIC) was performed using a Kinetex1 HILIC column (Phenomenex), 150 mm length, 2.1 mm internal diameter, and 2.6 mm particle size. Elution of the impurities was performed using isocratic conditions of the mobile phase (solvent A: ACN, solvent B: ammonium acetate 100 mM in ultrapure water, adjusted to pH = 6 with acetic acid). The volume ratio A : B was set at 95 : 5. The injection volume was 2.5 mL and the concentration of injected solutions was 4 mg ml 1 expressed as bethanechol chloride.
Mass spectrometry detection consisted of a LCQ quadrupole ion trap mass spectrometer (Thermo Finnigan) and an electrospray ionization (ESI3) source. The instrumental parameters of the mass spectrometer were as follows: ESI 3 the source operated in a positive ionization mode with a 4.5 kV spray voltage and an 80 mA intensity. High purity nitrogen was used as the sheath/auxiliary gas (flow rate 80 : 20). The capillary voltage was 3.0 V and its temperature was set at 270 uC. The analysis of the impurities was achieved by scanning a mass range from 50 to 500 mass-to-charge ratio (m/z).
Tandem mass spectrometry (MS 2 ) studies were performed by colliding specific precursor ions with the nitrogen damping gas present in the trap for 30 ms. The isolation width was fixed at 2.0 mass unit (u). The product ion spectra were obtained by scanning a 50 to 500 m/z range. The data acquisition software was Xcalibur1 (Thermo Finnigan), version 1.2. The processing of the MS data was performed using MS Manager1 software version 10 (ACD Labs, Toronto, Ontario, Canada).
Thermal stress approach
Samples of y3 mg of bethanechol chloride in open aluminum pans were heated in the TGA apparatus in isothermal conditions, each 10u from 150 to 200 uC. The residue was analyzed at different checkpoints by HPLC analysis. Single crystals of thermal degradants were obtained by following a method previously described. 20 The raw material was placed at the end of a 30 cm silica tube and then sealed under a secondorder vacuum. The tube was inserted into a tubular furnace with a gradient temperature of approximately 5 uC cm 1 . The part with the sample was placed at 165 uC and the other extremity was at room temperature for two months. Then, the single crystals obtained were analyzed by X-ray diffraction.
Results and discussion
3.1. Solid state properties 3.1.1. Crystal structure. The BC crystal structure has been determined from data collected on a single crystal at 123 K. The space group was found to be P2 1 /n (Z = 4). The crystal and structure refinement data are gathered in Table 3 . This crystal structure is in agreement with that previously determined by Le Bail from refinement on XRPD patterns at 298 K. 8 The asymmetric unit of this structure is presented in Fig. 1 .
The ammonium part of the molecule presents a very regular tetrahedral geometry, with dihedral angles from 107.3(3) to 112.2(3)u leading to a mean value of 109.5u. The corresponding N8-C distances range from 1.497(4) Å to 1.516 Å, as expected for single N-C bonds with an sp 3 hybridization for the central nitrogen atom. The carbamoyl group is quasi planar (H3A-N3-C2-O4 torsion angle = 174(3)u; H3A-N3-C2-O1 torsion angle = 9(3)u; H3A and H3B are at 0.07(4) Å and 0.20(3) Å from the mean plane of N3-C2-O1-O4 (RMSD = 0.01Å)). The N3-C2 bond length is 1.339(4) Å. This value, between a pure C-N double bond (1.28 Å) and a C-N single bond (1.41 Å), denotes a partial delocalization of the nitrogen electronic doublet, as expected for sp 2 hybridization. According to this quasi planar geometry of the carbamoyl group and to the N3-C2 bond length, the nitrogen N3 was found to have essentially an sp 2 hybridization. However, the deviation observed from the mean plane of the amine H atoms (particularly the strong deviation of H3B) may feature a partial sp 3 hybridization. This observation is in good agreement with the measured N3-C2 bond length. The latter is slightly higher than those observed in the CSD database for similar compounds with a carbamoyl moiety, where the C-N distance is mainly found at around 1.33 Å.
The BC molecular conformation is achieved through two intramolecular H-bond-like interactions between the oxygen atom of the carbonyl group and the H atoms from two methyl groups of the ammonium part of the molecule, i.e. H10B and H11C ( Fig. 1 and Table 1 ). This conformation is stabilized by a third intramolecular H-bond-like interaction between H5 and O1, leading to a chelate effect that directs H5 through O1. This interaction cannot be defined as pure H-bonding as the C5-H5 … O1 angle is far from 180u (105.9(2)u). Nevertheless, the distance between C5 and O1 (2.698(4) Å) is short enough to consider that this interaction stabilizes the chelate conformation.
The crystalline network cohesion is essentially ensured by two types of interactions. H-bond intermolecular interactions between the amino group and the chloride anion in the (110) direction and the carbonyl and the CH 2 groups in the (001) direction ( Table 2) , and electrostatic interactions between each methyl of the ammonium group and the chloride anion (Fig. 2) .
The lattice parameters and some selected geometrical data obtained from the single crystal X-ray measurements are gathered in Table 3 and compared with the data obtained from the X-ray powder diffraction (XRPD).
The available raw material was analyzed by XRPD. A refinement was performed using a high resolution pattern recorded at 298 K ( Table 3 ). The final Rietveld refinement from our results, including Pawley-refined parameters, converged to a final R WP = 4.22%, instead of the 7.39% obtained by Le Bail. 8 The space group and cell parameters determined from the fitting of the powder diffraction pattern of the raw material are in good agreement with the ones obtained for the single crystal ( Fig. 3) .
A comparison of the cell parameters obtained at 123 and 298 K shows that the thermal expansion of the BC crystals occurs along the three axes. It should be noticed that the temperature discrepancy affects neither the conformation of the molecules in the crystal network, nor the intramolecular bond lengths and angles.
The bond lengths and angle values, obtained from single crystal X-ray diffraction, were compared to the ones obtained from the X-ray powder diffraction in ref. 8 . Three main inconsistencies can be highlighted with respect to intramolecular bindings: (i) the N8-C bond lengths and angles related to the tetrahedral quaternary ammonium moiety are more coherent when they are determined from the single crystal X-ray diffraction experiment, i.e. bond lengths are close to 1.5 Å and angles y109u, (ii) the O4 … C X bond lengths are higher than the corresponding ones previously determined and are in good agreement with the reported values found for other carbamate structures, [21] [22] [23] [24] and (iii) the torsion angles of the carbamate residue determined from the monocrystal accurately reflect that its geometry is quasi planar.
Interestingly, the H atoms position in NH 2 was improved by energy minimization. The corresponding H atom positions were fully refined according to the single crystal measurement data. Thus, they were not set in the sp 2 position. It is worth noting that the slight sp 3 hybridization found via the energyminimization calculation is in good agreement with the single crystal results (see Section 3.1.1.).
3.1.2. Thermodynamic properties. The thermodynamic data related to BC available in the literature are contradictory. Indeed, the Merck index gives a decomposition temperature for BC at 218-219 uC, whereas the Japanese Pharmacopoeia reports two melting points (211 and 219 uC), indicating solid state polymorphism. 25, 26 Le Bail 8 has suggested the existence of an orthorhombic form of BC, discovered in as-received BC samples containing mainly the monoclinic form. As noted by the author, after a few weeks of annealing at room temperature, these samples transformed into the monoclinic stable phase. The indexing in the orthorhombic cell was carried out by removing the peaks from the monoclinic form. However, the orthorhombic form could not have been isolated. Therefore, its crystal structure has not been solved. With regard to the discussion held by the author, this phase was assumed to be stable at higher temperature, implying an enantiotropic relationship with the monoclinic stable form, although he did not identify the DSC signals of any thermal event corresponding to such a transition. 8 As far as we are concerned, despite various crystallization attempts, this second polymorph has never been seen. DSC and TGA experiments were performed on the raw material (pure monoclinic form) under different heating conditions. In Fig. 4 , typical DSC and TGA curves conducted at two different heating rates are presented. Whatever the heating rate, two endothermic phenomena are present: the first one has an onset temperature (214 or 222 uC at 5 or 10 uC min 1 , respectively) close to the melting point reported in the literature 25 but is associated to a significant mass loss (y6% for both heating rates). One can assume that this thermal event corresponds to a concomitant melting-decomposition process. The second endothermic phenomenon is important and associated with a significant weight loss (up to 100%) and can be attributed to a decomposition-evaporation process.
A full analysis focused on the first thermal event for DSC and TGA performed between 2 and 50 uC min 1 indicates that the recorded onset temperature increases and the associated weight loss decreases when increasing the scanning rate (Fig. 5 ). The transformation of the solid sample during this first thermal event is kinetically driven. This kinetic dependence is clearly pronounced for heating rates inferior to 15 uC min 1 , whereas the onset temperature and the weight loss seem to be stabilized for heating rates superior to 30 uC min 1 . Assuming that the endothermic signal is due to a meltingdecomposition process, the increase of the onset value and the decrease of the associated weight loss both reflect that the decomposition during melting is minimized at high heating rates. 27 As a consequence, the best evaluation for the BC melting temperature is 231.4 ¡ 0.4 uC, i.e. the value reached by the onset temperature at high heating rates.
However, the decomposition process cannot be avoided during melting as y2% of the mass loss is still seen even at 50 uC min 1 . The corresponding mechanism of melting degradation involved during the heating of BC is presented in the following section.
Besides, it is noteworthy that when starting from the monoclinic phase (i.e. the stable form at room temperature), no transition into the orthorhombic phase was observed. In addition, as reported in ref. 8 , when the two polymorphs are mixed at room temperature, the orthorhombic polymorph transforms spontaneously into the monoclinic one, which clearly demonstrates that the latter form is the thermodynamically stable phase at ambient conditions. These results suggest that there is a monotropic relationship between the two phases. Some complementary experiments, such as solubility measurements, could support this interpretation but the accessibility to the pure orthorhombic form is, up to now, not possible. 
where q t is the quantity of bethanechol chloride expressed in mg at a given time t, and q i is the quantity of bethanechol chloride initially present in the sample (i.e. at t 0 ). The aLC vs. time curve is a sigmoid, as can be seen in Fig. 6 . The inflexion point of the latter curve has been found at t* = 22.0 minutes, a* = 0.72. The parameters of the sigmoid fitting are provided in Section 3.2.2. Besides, one can see that the TGA signals have a two-step profile similar to those previously obtained for non isothermal conditions. The first step of the weight loss (12% w/w) detected in the TGA analysis correlates at t* with the inflexion point of the sigmoid curve. Furthermore, thermomicroscopy experiments highlighted a gradual melting and the formation of an apparent homogeneous liquid phase at t*. It can be seen in Fig. 7 that solid particles are visible at t = 0.7 t*, as well as the formation of bubbles. Consequently, BC liquefaction occurs between t = 0 and t = t*.
The chromatographic analysis showed that two distinguishable profiles can be found on either side of the liquefaction point, t* (Fig. 8) . The main thermal degradants detected below and above the liquefaction point have been denoted as early (E) and late (L) degradants, respectively. Up to the liquefaction point, bethanechol is mainly converted to impurity E1. As a matter of fact, the two latter compounds have similar retention times, E1 being eluted before bethanechol. E1, with a m/z signal at 118, was assigned as betamethylcholine by standard injection. Indeed, the thermal decomposition of carbamates induces the formation of alcohol and isocyanic acid (IA). 28 This is corroborated by the signal at m/z 43 obtained from the TGA-MS analysis and corresponds to the molecular mass of isocyanic acid. These results indicate that the liquefaction reaction mainly consists of the progressive dissolution of bethanechol chloride in its liquid degradant, namely beta-methylcholine chloride (melting point: 165 uC), as it is described in Fig. 9 . The nature of the products detected and involved in the decomposition pathways are discussed in Section 3.2.3.
Decomposition kinetics.
It is worth considering that the two-step process encountered during the melting decomposition of BC in betamethylcholine chloride is in accordance with the reaction model: solid A (liquid + gas), as described by Bawn 29 and further promoted by Carstensen 6 and Brown. 30 This model may be applied when the degradant is a liquid in which the reactant is dissolved. The overall decomposition of the substance occurs both in the solid and liquid states. The liquefaction point corresponding to the total dissolution of the solid is determined at the inflexion point of the curve. The first step (0 , a , a*) consists of the progressive dissolution of the entire solid phase in the liquid degradant with the solubility S. For a given a, the fractions of the reactant in the liquid and solid phases are aS and 1 a aS, respectively. The rate of decomposition corresponds to the sum of the BC decomposition rate in the liquid state (k l ) and in the solid phase (k s ) as follows: da/dt = k s (1 a aS) + k l Sa = k s +Ka (2) where,
Integration of eqn (2) yields:
The parameters calculated from the Bawn model are presented in Table 4 . From 0 to t*, the curve has been fitted using the latter model following the method detailed by Carstensen. 6 It is worth noting that the correlation coefficient obtained with the HPLC method is lower than the ones obtained with the TGA analysis. This observation can be explained by the fact that the HPLC assay, being indirect, may increase the variability of the result. After that, the possibility of using the TGA results to directly follow the reaction was considered. As IA has been previously identified as the main evolved gas during the first steps of the reaction, the extent of the reaction (aTGA, mol/mol) was determined as the IA quantity released, in moles, divided by the initial BC quantity, also expressed in moles (eqn (5)). where m i is the initial sample mass, m t the sample mass at a given time and M the molecular mass of the compound.
As shown by the comparison of the resulting kinetic parameters (Table 4) , aTGA as a function of time is in good agreement with aLC. From a = 0.30, the two values diverge, suggesting that the secondary decomposition pathways may be considered as significant. As expected, the goodness of fit is significantly improved with the TGA direct determination. Consequently, the Bawn model appears to be suitable to describe the reaction, and TGA analysis can be used as a direct method to follow the early decomposition of the solid.
An assessment of the decomposition at different temperatures allows us to determine the activation energy of the reaction. For this purpose, the rate of decomposition was determined for temperatures between 150 and 200 uC, using the Bawn model and the Arrhenius law (eqn (6) and (7)).
k s = A s exp( E s /RT) (7) where K is the overall decomposition constant, k S is the decomposition constant in the solid state, A and A s are the frequency factors related to the overall reaction and the solid state, respectively, and E and E s correspond to the activation energies for the overall reaction and the solid state reaction, respectively. The data obtained at each temperature were suitably fitted by eqn (6) and (7) (R 2 . 0.995). Table 5 presents the thusobtained parameters. The activation energies found this way are in accordance with the thermal decomposition data obtained for other drugs. 6 At lower temperatures, no liquid phase may be present and the decomposition rate would be overestimated. Nevertheless, it is worth considering that by using the Arrhenius type pot, the calculated decomposition is lower than 0.1% after 5 years of storage at 40 uC. BC may thus be considered as thermally stable at ambient temperature and under dry conditions.
In the second step, from t* to total decomposition (a*, a ,1), the system is in the liquid state and the Bawn kinetics cannot be applied anymore. The asymmetry of the a-sigmoidal curve obtained at 200 uC highlights a significant acceleration of the decomposition rate beyond the liquefaction point (a* . 0.5). The higher mobility of the molecules in the liquid phase increases the drug substance decomposition since k 1 is much higher than k S . 30 An autocatalysic process probably takes part in the acceleratory effect.
As a matter of fact, various decomposition products can be detected beyond the liquefaction point, suggesting that complex decomposition processes may be involved.
3.2.3. Chemical degradation pathways. Since the room temperature raw material has a purity of at least 99.8%, all the decomposition products are necessarily formed upon heating. Therefore, a structural study of these impurities is needed in order to understand the mechanism involved for the compound decomposition and to establish a comprehensive drug stability profile. 31 The detected decomposition products and their relative abundance at the liquefaction point are given in Table 6 . MS 2 fragmentation experiments were performed for bethanechol and the impurities. The corresponding spectra (see the ESI 3 ) allowed us to achieve structural elucidation for these compounds. Bethanechol exhibits a The molecular ion of E2 is at m/z 147, presenting a 14 u difference compared to the bethanechol molecule. A common fragment at m/z 102 shows the integrity of the chain. Additionally, detection of the fragment at m/z 86 exhibits a 14 u difference with bethanechol. Therefore, E2 has been assigned as demethyl bethanechol. This degradation route was confirmed by the detection of methyl chloride at m/z 50 by TGA-MS analysis.
E3 is characterized by a protonated molecule at m/z 204.2. Detection of a fragment at m/z 161 suggests that the structure is related to bethanechol. Indeed, comparison with the bethanechol MS 2 spectra shows that an increment of 43 u is found on each bethanechol fragment comprising the carbamate moiety. This difference in mass is coherent with the addition of an isocyanic acid molecule on the bethanechol structure. Consequently, E3 has been identified as bethanechol allophanate. The formation of this compound agrees with previous observations on the thermal degradation of carbamates, 28 and evidences a beginning of polymerization.
E4 exhibits a signal at m/z 175. The detection of common fragments with bethanechol at m/z 59, 60 and 100 indicates that these two structures are closely related and that the difference is located on the carbamate moiety. The signal difference proves that E4 results from N-methylation of the primary amine. This pathway is explained by the presence of methylene chloride, which is a powerful methylating agent.
It is worth considering that BC decomposition leads to the formation of betamethylcholine and demethyl-bethanechol, as well as the isocyanic acid and methylene chloride gases. All these compounds further react with intact bethanechol molecules to give bethanechol allophanate and N-methyl bethanechol, respectively (Fig. 10) . The reactive nature of the evolved gas thus confers an autocatalytic property to the reaction.
HILIC analyses in a negative ionization mode evidenced the presence of 4 other degradants denoted E5 to E8. E5 is the most abundant among them, although it is detected in trace levels. The MS spectrum of E5 shows a molecular ion at m/z 128. Isocyanuric acid was assigned to E5 through correlation with the MS 2 fragmentation pattern of a corresponding standard. This impurity is known to result from the cyclization of isocyanic acid.
Furthermore, the m/z signals of E5 to E8 show a difference of 14 u from one another. The analysis of the fragmentation pattern of E6, E7 and E8 allows us to conclude that their structures correspond to mono-, di-and trimethyl isocyanuric acid, respectively. These impurities may proceed from methylation of E5. A concerted mechanism must also be considered for the formation of E5 and its methylated derivatives. It involves a total of 3 molecules of bethanechol and/or N-methyl bethanechol and yields betamethylcholine (Fig. 11) . Obviously, the latter mechanism would involve high molecular mobility, implying that it might take place primarily in the liquid phase.
Besides, in order to evaluate the thermal stress consequences, long term storage of the powder was performed under a second-order vacuum, as described in the experimental part. Depending on the gradient temperature, different degradation products condensed all along the tube. Although most of the thus-obtained products were in an amorphous state, the crystalline part was isolated and analyzed by single crystal X-ray diffraction. The crystal structure was then determined and identified as the impurity E8, which crystal- lizes in a monoclinic system, as previously reported. 32 This result confirms the occurrence of the described decomposition pathway at high temperatures.
From the liquefaction point, the number of detected degradants increases. The detection of compounds of higher m/z signals suggests that polymerization occurs. Among them, compounds, L1 to L3 exhibit m/z signals of 229, 243 and 257, respectively. Isobaric compounds at m/z 243 and 257 were detected, suggesting positional isomers.
However, analysis by tandem mass spectrometry was poorly informative because only one fragment at m/z 184 or 198 was detected for each compound. These data suggest that they are related structures, which may differ from their degree of methylation, as shown by the 14 u difference between the different molecular ions. Possible structures are identified as resulting from linking and cyclization of isocyanic residues on the bethanechol structure ( Fig. 12 ). This decomposition scheme, consisting of cyclic polymerization, would be similar to observations on the thermal decomposition of acetylsalicylic acid. 33 Moreover, the occurrence of several chemical reactions may explain the complex signals that have been obtained from the DSC experiments. Besides, the identification of the reactants corroborates the autocatalytic property of the reaction first evidenced in the kinetic study.
Stability towards relative humidity
BC is described as a hygroscopic material. 25 This was confirmed by the hygroscopicity test proposed by the European Pharmacopoeia. 19 This test reveals a weight increase of y30% w/w under 80% RH at 25 uC after 24 hours. In these conditions, the mass increase allows us to classify BC as a ''very hygroscopic'' material. To investigate the BC hygroscopic behavior more precisely, Dynamic Vapor Sorption (DVS) experiments were performed at 25.2 uC. The sorption curve ( Fig. 13 ) associated with images of the sample during the DVS analysis ( Fig. 14) shows that BC presents a deliquescent character if RH is higher than 56%. So far, any BC hydrated phase has been isolated.
Moreover, the data presented in Fig. 13 were exploited to determine with precision the solubility point of BC in water. 34 Indeed, as the deliquescence corresponds to a huge absorption of water by the solid, it leads to the formation of a saturated aqueous solution until the complete dissolution of the solid, i.e. the solubility point (point C to E, Fig. 13 ). Then, by increasing the RH parameter, the obtained solution dilutes (point F, Fig. 13 ). This two-step absorption of water between 56 Fig. 12 Structural hypothesis of the degradation impurities L1 to L3. and 90% RH is delimited by a disruption in the mass evolution (point E) that corresponds to the BC solubility in water at 25.2 uC calculated at 2.29 g mL 1 . This value is in good agreement with those previously reported in the literature. 25 
Conclusions
These crystallographic, thermodynamic and kinetic studies allowed us to gain extended knowledge for the use and control strategy of the bethanechol chloride active substance. The water content of the raw material was identified as a key stability attribute, as it affects the mechanical properties (deliquescence above 56% RH at 25 uC) of the powder and causes chemical degradation. The evidence of the meltingdecomposition reaction implies careful interpretation of the thermal analyses. The advanced thermal degradation pathways determined in this study may not be directly encountered during the life cycle of the drug. Nevertheless, their understanding may provide key tools for the comprehension of the decomposition process of carbamates and ammonium chlorides.
